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SYSTEM AND METHODS FOR UPSCALING 
PETROPHYSICAL DATA 

FIELD OF THE INVENTION 

The present invention relates generally to petrophysical 
data processing and in particular to a system and methods for 
generating directional formation property values based on 
measurement data obtained at different locations along a 
measurement path. 

BACKGROUND OF THE INVENTION 

In oil and gas exploration it is desirable to understand the 
structure and properties of the geological formation sur 
rounding a borehole in order to determine if the formation 
contains hydrocarbon resources (oil and/or gas), to estimate 
the amount and producibility of hydrocarbon contained in 
the formation, and to evaluate the best options for complet 
ing the Well in production. A signi?cant aid in this evaluation 
is the use of Wireline logging and/or logging-While-drilling 
(LWD) or measurement-While-drilling (MWD) measure 
ments of the formation surrounding the borehole (referred to 
collectively as “logs” or “log measurements”). Typically, 
one or more logging tools are loWered into the borehole and 
the tool readings or measurement logs are recorded as the 
tools traverse the borehole. These measurement logs are 
used to estimate the desired formation properties. 
One popular Way to obtain the measurement logs is NMR 

logging. NMR logging has become very important for 
purposes of formation evaluation and is one of the preferred 
methods for determining formation parameters because of 
its non-destructive character. Improvements in the NMR 
logging tools, as Well as advances in data analysis and 
interpretation alloW log analysts to generate detailed reser 
voir description reports, including clay-bound and capillary 
bound related porosity, estimates of the amounts of bound 
and free ?uids, ?uid types (i.e., oil, gas and Water), perme 
ability and other properties of interest. In general, NMR 
logging devices may be separate from the drilling apparatus 
(in What is knoWn as Wireline logging), or they may be 
loWered into the borehole along With the drilling apparatus, 
enabling NMR measurement While drilling is taking place. 
The latter types of tools are knoWn in the art as logging 
While-drilling (LWD) or measurement-While-drilling 
(MWD) logging tools. 
NMR tools used in practical applications include, for 

example, the centraliZed MRIL® tools made by NUMAR 
Corporation, a Halliburton company, and the sideWall CMR 
tool made by Schlumberger. The MRIL® tool is described, 
for example, in US. Pat. No. 4,710,713 and in various other 
publications including: “Spin Echo Magnetic Resonance 
Logging: Porosity and Free Fluid Index Determination,” by 
Miller, Paltiel, Gillen, Granot and Bouton, SPE 20561, 65th 
Annual Technical Conference of the SPE, NeW Orleans, La., 
Sep. 23426, 1990; “Improved Log Quality With a Dual 
Frequency Pulsed NMR Tool,” by Chandler, Drack, Miller 
and Prammer, SPE 28365, 69th Annual Technical Confer 
ence of the SPE, NeW Orleans, La., Sep. 25428, 1994. 
Certain details of the structure and the use of the MRIL® 
tool, as Well as the interpretation of various measurement 
parameters are also discussed in US. Pat. Nos. 4,717,876; 
4,717,877; 4,717,878; 5,212,447, 5,280,243; 5,309,098; 
5,412,320, 5,517,115, 5,557,200, 5,696,448; 5,936,405; 
6,005,389; 6,023,164; 6,051,973; 6,107,796; 6,111,408; 
6,242,913; 6,255,819; 6,268,726; 6,362,619; 6,512,371; 
6,525,534; 6,531,868; 6,541,969; 6,577,125 and 6,583,621, 
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2 
as Well as in application Ser. No. 60/474,747, ?led on May 
3, 2003, to the same assignee as the present application. The 
structure and operation of the Schlumberger CMR tool is 
described, for example, in US. Pat. Nos. 4,939,648; 5,055, 
787 and 5,055,788 and further in “Novel NMR Apparatus 
for Investigating an External Sample,” by Kleinberg, 
SeZginer and Griffin, J. Magn. Reson. 97, 4664485, 1992; 
and “An Improved NMR Tool Design for Faster Logging,” 
D. McKeon et al., SPWLA 40th Annual Logging Sympo 
sium, May-June 1999. The contents of the above patents and 
patent applications are hereby expressly incorporated by 
reference for all purposes, and all non-patent references are 
incorporated by reference for background. 
An application of NMR and other logging techniques is 

using measurement data to analyZe the anisotropy of certain 
properties of the geological formation. Such properties may 
include permeability, porosity, resistivity, diffusivity, or vis 
cosity. Anisotropic analysis of properties is particularly 
useful in reservoir engineering in Which data or logs 
obtained through multiple measurements at different loca 
tions need to be combined, so that each ?oW interval of the 
geological area is characteriZed by a single anisotropy, such 
as permeability anisotropy. The process of combining data is 
often referred to as “up-scaling”. Up-scaling can be very 
dif?cult because the measurement data are often taken at 
various scales and using different sample siZes. Moreover, 
Without a Well-de?ned algorithm to combine the data, an 
upscaled log is dif?cult to create for a path comprising a 
plurality of possibly different spatial units. 
One purpose of upscaling is to use the single anisotropy, 

such as permeability anisotropy obtained for a How interval, 
to predict the producibility of a Well. Such performance 
prediction is traditionally made folloWing Well testing. HoW 
ever, the petrophysical industry is becoming more and more 
reluctant to perform Well testing due to the increasing 
economical and environmental costs. Research is under Way 
to determine Whether alternatives, such as Wireline forma 
tion tests, can be used to replace Well test. (See, e.g., “A 
Comparison of Wireline and Drillstem Test Fluid Samples 
from a Deep Water Gas-Condensate Exploration Well”, by 
Witt et al., paper 56714 presented at the 1999 SPE Annual 
Technical Conference and Exhibition, Houston, Tex., Oct. 
346, 1999, the content of Which are hereby expressly incor 
porated by reference for additional background.) Develop 
ing methods and systems for ef?ciently creating upscaled 
logs based on measurement data obtained along a path (or 
paths) in Wireline formation tests can therefore stimulate the 
transition from Well testing to Wireline formation tests. 

There is therefore a need to develop upscaling method(s), 
preferably capable of combining different types of data, 
including core data, Wireline logs, Wireline tester data and 
Well testing. There is also a need to develop a system to 
implement the up-scaling method(s). 

SUMMARY OF THE INVENTION 

In one aspect, the present invention provides a method for 
investigating a geologic formation, comprising the steps of: 
measuring a property of the formation in one or more 
directions along a path in the formation; associating direc 
tional property value(s) With a plurality of spatial units along 
the path in the formation based on the property measure 
ments; and providing a directional property log for the path 
in the formation, the log being upscaled from the directional 
property values associated With the plurality of spatial units. 
The present invention further includes a system for inves 

tigating a geologic formation, including in a preferred 
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embodiment an NMR logging device, a formation tester, 
such as the RDT tool made by Halliburton Corporation and 
others. The system also comprises one or more software 
programs adapted to execute data upscaling as described 
herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and many attendant features of this inven 
tion Will be appreciated and better understood With reference 
to the following detailed description When considered in 
connection With the accompanying draWings, Wherein: 

FIG. 1 is a How chart of an upscaling method in one 
embodiment of the present invention. 

FIGS. 244 illustrate variables used to derive anisotropy 
data in different embodiments of the present invention. 

FIG. 5 illustrates a NMR permeability curve shoWing 
up-scaled horizontal and vertical permeability in auto 
selected intervals. 

FIG. 6 illustrates a NMR permeability curve shoWing 
up-scaled horizontal and vertical permeability With a mov 
ing average. 

FIG. 7 shoWs a permeability anisotropy curve derived in 
accord With the present invention. 

FIG. 8 shoWs a track of measurements obtained from 
NMR logs and core or RDT pressure tests, as Well as 
permeability determined from the measurements. 

FIG. 9 shoWs displayed pixels, Where the positions of the 
points are arrayed With depth in the vertical axis and angular 
displacement in the horizontal axis. 

FIG. 10 shoWs a single valued point derived by resolving 
a frame of data by summing the upscaled resistivities in both 
directions. 

FIG. 11 shoWs a rotated image frame according to an 
assumed dip angle ed as shoWn. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In one aspect, the present invention is directed to methods 
for upscaling data in the investigation of a geologic forma 
tion. A How chart illustrating the generalized method is 
shoWn in FIG. 1. In step 110, measurements of a property of 
the formation are obtained in one or more preferably 

orthogonal directions (usually horizontal or vertical), along 
a path in the formation. This path may be provided by a 
borehole drilled in the formation or, in a speci?c embodi 
ment, may be generated in the process of drilling a borehole. 

It is desirable that the type of property being measured or 
estimated is useful in the petrophysical examination of the 
formation and may be anisotropic in nature. Examples of 
properties that can be used include, Without limitation, 
permeability, resistivity, porosity, di?‘usivity and viscosity. 
In a preferred embodiment of the invention discussed for 
illustration purposes beloW, the property being determined is 
the formation permeability. 

In accordance With the present invention, measurements 
associated With the desired property can be made using any 
suitable device. In a speci?c embodiment, such measure 
ments can be obtained, for example, by using NMR logging 
tools, such as the MRIL® tools by Halliburton Corp., the 
CMR-series tools by Schlumberger, or others. Other types of 
measurements can also be obtained using formation testers, 
such as the reservoir description tool (RDT) by Halliburton 
Corp., the modular formation dynamics tester (MDT) tool 
by Schlumberger, the Reservoir Characterization Instrument 
(RCI) by Baker Atlas, and others. Additionally similar 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
measurements taken With core sample can be utilized since 
they are also typically distributed along the Well bore thus 
containing directional information. 
The measurements may be taken at a plurality of locations 

along a path in the formation traversed by a borehore. In one 
embodiment, the measurements are taken using a testing 
device (such as described in the preceding paragraph) at a 
plurality of depth points along a linear or other type of path, 
as permitted by the speci?cations of the device. As noted, the 
measurement data obtained may be any data related to the 
property estimation, and may include core data, Wireline 
logs, Wireline tester data, formation pressure measurements, 
Well testing data, as Well as 2D or 3D borehole electrical 
image data. 

In step 120 of the method, directional property values, 
such as horizontal or vertical permeability values, are asso 
ciating With a plurality of spatial units along the path in the 
formation based on the property measurement data obtained 
in step 110. Methods and systems for obtaining directional 
permeability values based on various property measure 
ments are discussed, for example, in US. Pat. Nos. 5,672, 
819; 5,644,076; 5,602,334; 4,742,459; 5,269,180; 4,890, 
487; 5,279,153; 5,265,015 and 6,327,538, as Well as in US. 
patent application Ser. No. 10/254,310, ?led on Sep. 25, 
2002, to the same assignee as the present application. The 
above references are hereby expressly incorporated by ref 
erence. 

Directional values of other properties, such as resistivity 
or porosity can also be obtained using methods and systems 
knoWn in the art. For example, methods and systems for 
determining directional resistivity values are discussed in 
“Thinly Laminated Reservoir Evaluation in Oil-Based Mud: 
High Resolution versus Bulk Anisotropy MeasurementiA 
Cornprehensive Evaluation”, by Tabanou, et al., SPWLA, 
43 Annual Logging Symposium, Jun. 245, 2002, the con 
tents of Which are incorporated herein by reference for 
additional background. Porosity measurements are made 
available by NMR logging devices and are described in the 
reference listed in the background portion of the disclosure. 

Permeability analysis, Which is used in a preferred 
embodiment of the invention, is important because perme 
ability anisotropy determination is key to e?icient hydro 
carbon exploitation. For example, When drilling vertical or 
near vertical Wells, the ratio of the vertical to horizontal 
permeability is used in coning calculations and in reservoir 
simulation history matching to control the rate at Which 
secondary gas caps appear. Moreover, When drilling hori 
zontal, near horizontal, or vertical Wells, knoWing the per 
meability anisotropy provides crucial information needed to 
plan the optimum Wellbore trajectory. For example, When a 
reservoir is relatively homogeneous, the ratio of the vertical 
to horizontal permeability is close to unity, it is then very 
bene?cial to drill horizontal Wells. (For details, see Hori 
zontal Well Technology, by Joshi, PennWell Publishing 
Company, Tulsa, Okla., 1991.) When the reservoir is lami 
nate and the above permeability ratio is small, the preference 
is to drill vertical or near vertical Wells. Associating direc 
tional permeability values With different spatial units is 
discussed beloW. 

After associating directional property values With spatial 
units, a directional property log may be provided for the path 
in the formation in step 130 of the method. In one embodi 
ment, the directional property log is provided in a format 
recognizable by a human, such as a graph. The log may 
contain property estimates upscaled from the obtained direc 
tional property values associated With the plurality of spatial 
units. In one embodiment of the present invention, direc 
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tional permeability values at different depth points in a ?oW 
interval are upscaled to provide a single horizontal or 
vertical permeability estimate for each ?oW interval. 

To upscale the horizontal permeability, in one embodi 
ment it can be assumed that the ?uid ?oW is completely 
horizontal and ?oWs radially into the Wellbore. With this 
assumption the equivalent horizontal permeability scales 
much the same as a netWork of parallel resistors over the 
depth interval Where the resistance to ?oW is l/(Ah khi). 
Speci?cally, to upscale horizontal permeability, ?rst recall 
that permeability is de?ned according to Darcy’s laW as 
folloWs: 

dp_p (1) 
E k 

Where k is permeability, dp is the differential pressure, dx is 
the di?erential length, p. is viscosity, and v is ?uid velocity. 
Assuming linear Darcy ?oW, the folloWing simpler linear 
equation can be used: 

AP = h (2) 

Where AP is the di?erential pressure across section; h is the 
length of section; Q is the ?oW rate; and A is the area of the 
section. 
When producing reservoir ?uids into a Wellbore it is 

useful to resolve Darcy’s laW into radial coordinates Where 
the ?oW rate is related to the pressure gradient into the 
reservoir as folloWs: 

(3) 

The relationships betWeen AP, rW, r, h, and Q are illustrated 
in FIG. 2. In FIG. 2, r is the radius into reservoir 210, rW is 
the radius of Wellbore 220. AP is the di?erential pressure 
across rW-r, h is the length of the reservoir 210, and Q is the 
?oW rate of reservoir 210. 
Assuming that a ?oW interval of the reservoir 210 is a 

layered structure as illustrated in FIG. 3, let n be the number 
of layers or depth points, i be a sequential layer number, Ahl 
be the height of layer i, q. be the ?oW rate through layer i, 
khl- be the horizontal permeability of layer i and khe be the 
interval’s equivalent horizontal permeability ?uid ?oW in a 
parallel through the layers. In this disclosure, a layer need 
not correspond to a physical layer of the formation, but may 
also be associated With units in the vertical resolution of the 
testing device. The ?oW rate ql- through a layer i can be 
determined using Eq. 4: 

(4) 

These ?oW rates are summed and then the total ?oW rate is 
equated to an equivalent horizontal permeability over the 
interval: 
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(5) 

This equation can be reduced and the equivalent horizon 
tal permeability khe of the spatial interval (or generalized 
unit) can be determined as: 

1 n (6) 
khe = Ahikhi 

If all the layers have a uniform thickness Ah, as Would be the 
case With NMR logs, then a further simpli?cation to Eq. 6 
can be made. 

” (7) 
khi khe = 

NoW consider hoW ?uid Would ?oW vertically through the 
interval of reservoir 210 as shoWn in FIG. 4. Let APZ. be the 
di?erential pressure across layer i. In this case the linear 
Darcy equation Would apply (i.e., Eq. 2) because ?uid ?oWs 
in a serial path across each layer. Thus, in another aspect of 
the invention, the individual pressure di?erential across each 
layer can be summed to determine the total pressure change 
across the interval: 

(3) 

Where A is the constant cross-sectional area of reservoir 210, 
Ahl- is the height of layer i, kvl- is the vertical permeability of 
layer i, and kev is the interval’s equivalent vertical perme 
ability of layer i. Solving for the interval’s equivalent 
vertical permeability kev yields the folloWing expression. 

h (9) 

In a speci?c embodiment of this invention, vertical per 
meability values can be obtained for individual spatial units 
(or layers) using Halliburton’s RDT tool. (Details of using 
RDT tools to estimate permeability is discussed in Us. 
patent application Ser. No. 10/254,310, ?led on Sep. 25, 
2002, to the same assignee as the present application, Which 
is incorporated by reference.) Therefore, the ?oW interval’s 
equivalent vertical permeability may be estimated based on 
Eq. 9. In accordance With another embodiment, by making 
the simplifying assumption that each layer has a uniform 
thickness and that each layers properties are uniform in all 
directions (i.e., khiIkVi), Eq. 9 can be simpli?ed as folloWs. 
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n (10) 

In a speci?c embodiment, the simplifying assumption in 
Eq. 10 enables the use of horizontal permeability measure 
ments obtained for spatial units in the formation using NMR 
data to estimate the equivalent vertical permeability of a 
spatial unit in the formation. Furthermore, if anisotropy 
information is available for each layer then this can also be 
included in a more general form of the equation for vertical 
permeability as folloWs, Where 7»,- is anisotropy for the i-th 
layer: 

It (11) 

Anisotropy data for individual layers can be obtained in 
accordance With this disclosure by mathematical modeling, 
prior knowledge, or various types of measurements. In one 
aspect of the invention, anisotropy values knoWn for a 
particular formation property may be used in Eq. 11 to 
provide an anisotropy estimate for another formation prop 
erty of a spatial unit, if a mathematical or empirical con 
nection betWeen the tWo can be established. More broadly, 
in accordance With an aspect of this invention, information 
from different measurements and relating to different for 
mation properties can be combined in determining estimates 
for one or more directional formation properties of a spatial 
unit. 

Equations 7 and 10 can also be developed by an electrical 
analogy. For horizontal ?oW into the Wellbore each layer 
acts as resistor in parallel circuit Where the resistance to How 
is l/Ah,.khi. For vertical ?oW each layer acts in series Where 
the resistance to How in each layer is Ahi/khi. 

The most general equation for permeability can be applied 
to nearly any source of data (i.e., Eq. 6 and 9). For example, 
if core data exist for a given interval then each core can be 
used even if it is unequally spaced. This Would also apply to 
Wireline tester data Where test are taken at unequal depths or 
even Well test data if several Well tests Were performed in an 
interval. For Wireline log data, like the MRIL permeability 
curve, the simpler Eqs. 7 and 10 can be used. 

After obtaining the directional values (i.e., the horizontal 
and vertical permeabilities), a variety of anisotropic estima 
tion of the geological formation of interest can be made. In 
one embodiment, the ratio of the vertical to horizontal 
equivalent per'meabilities is determined by 

(12) 
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-continued 

hz 

MHZZ khi 
[:1 V‘ [:1 

hz 

Ahizi khi 

In another embodiment, vertical and horizontal perme 
ability values are used to predict the productivity index PI of 
a Well, for example, by the folloWing equation: 

alk (l3) 
PI: 

Where B is a formation volume factor, S is skin, mu is ?uid 
viscosity and k depends on permeability anisotropy. Equa 
tion 13 is discussed in detail in Pressure Buildup and FloW 
Test in Wells, by MatteWs, Monograph Series, SPE of 
AIME, Dallas, Tex. (1967), the contents of Which are 
incorporated herein by reference for additional background. 

In another embodiment, the spherical permeability is 
determined from a single probe formation tester Which is the 
geometric mean of the horizontal and vertical permeabili 
ties. 

(14) 

From this relationship the horizontal and vertical perme 
abilities can be related to the spherical permeability as 
folloWs: 

(15) 

NoW the upscaled anisotropy can be related to the spherical 
permeability by the folloWing equation: 

Assuming each layer has the same anisotropy (i.e., MILL) 
and the same thickness then the upscaled anisotropy reduces 
to: 



US 7,224,162 B2 

(13) 

When the RDT tool is applied in accordance With a 
preferred embodiment, and Where the probes of the RDT 
tools are closely spaced, each probe can be assumed to be in 
contact With 2 layers. In this case the upscaled anisotropy is 
simpli?ed by assuming a ratio betWeen the tWo layers 
permeability (i.e., a:k /kSl-) 

(19) 
“Lo +a)2 

It can be shoWn that the same equation results if a layered 
sequence is assumed to have the same layers and is in?nitely 
thick. 

The parameter “a” can be determined from the draWdoWn 
permeability from each probe. The interlayer anisotropy KL 
can be determined from the pressure that propagates to the 
second probe. In any case, Eq. 11 can still be used to 
determine the extent of anisotropy due to layering by 
assuming XL is unity. 

In another embodiment, upscaled resistivity estimates are 
obtained based on the property measurements. Obtaining 
upscaled resistivity estimates is very important to reserve 
estimation. Moreover, When it is di?icult to directly measure 
or determine permeability anisotropy, resistivity measure 
ments or resistivity anisotropy may be utiliZed to predict 
permeability anisotropy. Details of the relationship betWeen 
resistivity and permeability anisotropy can be found, for 
example, in “On the Relationship betWeen Resistivity and 
Permeability Anisotropy”, by Geogi, Bespalov, Tabarovsky, 
Hughes and Schoen, SPE 77715, 77th Annual Technical 
Conference of the SPE, San Antonio, Tex., Sept. 29*Oct. 2, 
2002, the contents of Which are hereby expressly incorpo 
rated by reference for additional background. 

To obtain upscaled resistivity estimates, recall that Equa 
tions 7 and 10 can also be developed by an electrical 
analogy. For horiZontal ?oW into the Wellbore the each layer 
acts as resistor in parallel circuit Where the resistance to How 
is l/Ahl-khi. For vertical How the each layer acts in series 
Where the resistance to How in each layer is Ahi/khi. Deri 
vations for electromagnetic properties identical to the above 
can be carried out, With pressure drop replaced by voltage, 
?uid rate replaced by current, and permeability replaced by 
the reciprocal of resistivity. Thus upscaled RV and Rh and 
Rv/Rh, can be obtained in analogous fashion. The upscaled 
equivalent resistivity can be expressed as folloWs: 

1 " Ah; (20) 
R =- _ 

he h; Rm 

h (21) 

Where Rhe is horizontal resistivity, Rev is vertical resistivity, 
Rhl- is the horiZontal resistivity of the i-th layer and RW- is the 
vertical resistivity of the i-th layer. 
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As before by making the simplifying assumption that each 

layer has a uniform thickness and that each layers properties 
are uniform in all directions (i.e., RhZ-IRVi), equations 19 and 
20 can be simpli?ed as folloWs. 

1 n 1 (22) 

Rhe = Z; Rev = n (23) 

Z Rh! 
:1 

In one embodiment, resistivity anisotropy Lew is de?ned 
as follows: 

(24) 

The problem of dip angle has been considered in the 
resistivity logging literature and is related to anisotropy as 
folloWs: 

R (25) 
Ra: 

Where Ra is the apparent resistivity and R is the geometric 
mean resistivity de?ned as: 

R:VR—VRh (26) 

Recently introduced logging tools have the capability of 
determining Rv and Rh. 

In another embodiment, upscaled porosity estimates are 
obtained based on porosity measurements. Obtaining poros 
ity measurements and estimates is important in practice, 
because for certain geological formations, permeability and 
porosity are highly correlated. Therefore, When measure 
ments of permeability are dif?cult to obtain, porosity, 
besides resistivity, may also be used to predict permeability. 
Detailed description of the relationship betWeen permeabil 
ity and porosity in certain geological formations can be 
found, for example, in “Permeability of shaly sands”, by 
Revil and Cathles III, Water Resources Research, March 
1999, vol. 35, No. 3, 65li662; “Mechanisms controlling the 
permeability of clays”, by Mesri and Olsen, Clays Clay 
Miner., 1971, 19, l5lil58; “Permeability-Porosity Rela 
tionships in Sedimentary Rocks”, by Nelson, Log Analyst, 
May-June 1994, 38*6l; “Permeability Prediction in Poorly 
Consolidated Siliciclastics Based on Porosity and Clay 
Volume Logs”, by Vemik, Petrophysics, March-April 2000, 
l38il47; and “Quick-look permeability estimates using 
sideWall samples and porosity logs”, by Van Baaren, 6th 
Annual European Logging Symposium Transactions, 
SPWLA, 1979. The contents of the above publications are 
hereby expressly incorporated by reference for additional 
background. 

To obtain upscaled porosity estimates, consider ?rst 2 
layers for simplicity and as shoWn in FIG. 3, assuming the 
How moves serially in the vertical direction With a constant 
Darcy speed, the pressure measurement is de?ned as: 
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(27) 
q 

Where q is the ?oWrate through layers 1 and 2, kl, k2 are the 
permeabilities of layer 1 and 2, respectively, hl and h2 are the 
height of layer 1 and 2, respectively, and AP is the differ 
ential pressure across layer 1 and 2. 

The time needed for the ?uids to move through layer 1 
and 2 is: 

h (23) 
q 

h (29) 

The average ?oW velocity is: 

hl + hz hl + hz (30) 

Where (1)1, (1)2 are the porosity of layer 1 and 2, respectively. 
Therefore the equivalent or effective vertical porosity can 

be obtained from Eq. 22 for a 2 layer system as folloWs. 

In general, if there are n layers in the How of FIG. 6 then 
the folloWing effective vertical porosity (1)” can be deter 
mined: 

Imaging tools are normally associated With resistivity 
measurements. In this case, small sensors are placed on a 
pad that measures the local resistivity at the Well bore 
surface. A tool may contain 4 or more pads that can cover 
most of the borehole Wall. By displaying these localiZed 
resistivities in tWo and three dimensional plots, small fea 
tures of the formation can be observed through the image 
produced. Acoustic measurements are also used in imaging 
and the acoustic properties can also be used to map the 
borehole Wall and detect geologic features. More recently, 
gamma and neutron measurements have been used to pro 
duce borehole images and even NMR imaging has been 
proposed. 

In previous geological measurement applications, the 
properties are determined in one direction only (i.e., depth). 
The advantage of imaging tools is that they contain rock 
information in three dimensions, that is, both vertically and 
aZimuthally around the borehole. Therefore, it is possible to 
interpret this data in more detail than With logs that produce 
only depth associated information. 
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12 
Consider a resistivity imager that takes an array of mea 

surements around the borehole. This information is com 
posed of an array of measurements much like the pixels in 
a photograph. These pixels can be displayed as shoWn in 
FIG. 9, Where the position of the points are arrayed With 
depth in the vertical axis and angular displacement in the 
horiZontal axis. The highlighted or darker points shoWn in 
the center are aligned in the vertical direction and it is 
possible to upscale these points as shoWn previously. If these 
points contain resistivity values then equations 22 and 23 
can be applied to determine the upscaled horiZontal and 
vertical resistivity associated With these points. With the 
additional information available With image data, the points 
can also be considered as shoWn in FIG. 10. Here We 

consider the information contained in a frame of data. The 
upscaling can be performed in the vertical and horiZontal 
directions. NoW, by summing the upscaled resistivities in 
both directions the entire frame of data is resolved into a 
single valued point as demonstrated in FIG. 10. By summing 
the points in the vertical direction (i) for a single borehole 
position (i) the folloWing values of resistivity and anisotropy 
are determined. 

NoW, by summing each of the vertical roWs (i) values an 
anisotropy can be determined from the entire array. 

(36) 

This process can be repeated starting With a horiZontal 
position and then summing vertically as folloWs: 

1 (37) 
n 

(39) 
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-continued 

1: 

(40) 

NoW that this single frame has been analyzed the process 
is repeated by shifting the frame both vertically and hori 
zontally until the entire image data is analyzed. If the frames 
are shifted just one array position, then a neW image log can 
be created for anisotropy. In another technique, the entire 
array of data over an interval is considered and a anisotropy 
log much like that shoWn in FIG. 7 can be produced. 

The image analysis shoWn previously assumes that the 
anisotropy is aligned vertically. This is rarely the case and 
the next embodiment considers a dip angle associated With 
the upscaled properties. This is done by rotating the image 
frame according to an assumed dip angle ed as shoWn in 
FIG. 11. While the points on this frame of data do not lie on 
top of the measured points, interpolation can be used 
betWeen the measured data points to determine their resis 
tivity. Then the same process is conducted (Eq. 33 thru 40) 
on this frame. This value of anisotropy can be compared 
against the vertical direction. If it produces a loWer value of 
anisotropy then this estimate has improved the measure 
ment. The process is then repeated until a minimum value of 
anisotropy is determined. The dip angle associated With this 
minimum value of anisotropy best characterizes this frame 
of data. As With the previous image processing embodiment, 
an image log can be produced by shifting the frames or 
considering a depth interval. Additionally, tWo upscaled logs 
can be produced shoWing anisotropy and the dip angle 
associated With this anisotropy. Furthermore, by considering 
the special distribution of the data, it is also possible to 
develop anisotropy tensors for a depth interval. 

While examples of permeability, resistivity and porosity 
are highlighted here the technique can be applied to other 
types of data. As long as the physics is honored virtually any 
rock property, for example speed of sound and other 
mechanical rock properties could be up-scaled. Image data 
could also be used for determining anisotropy Were the 
image intensity of each layer is used. Imaging’s ?ne scale 
measurement Would help better de?ne anisotropy Where the 
bedding texture can be lost in may logs. Details of the use 
of borehole electrical images in estimating the permeability 
and porosity of geological formations can be found in 
“Permeability and Porosity Upscaling in the Near-Wellbore 
Domain: The Contribution of Borehole Electrical Images”, 
by Delhomme, Bedford and Kennedy, 1996 SPE European 
Petroleum Conference, Milan, Italy Oct. 22424, 1996, the 
contents of Which are hereby expressly incorporated by 
reference for additional background. 

The methods associated With different embodiments 
described above can be implemented in another aspect of the 
invention as softWare programs, taking input from the 
respective measurement data. These softWare programs can 
associate different directional property values With spatial 
units along the path in the formation based on the measure 
ment data. They can also provide a directional property log 
for the path, Which is a collection of upscaled from the 
directional property values associated With the spatial units. 
The log may be expressed in a graphical form. Such graphs 
may present a log upscaled in auto selected intervals and 
upscaled in moving-average intervals. Also, in case of a 
permeability log, equivalent horizontal permeability khe in a 
segment, equivalent vertical permeability kev in a segment, 
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14 
or a combination thereof may be shoWn a grpah. These 
softWare programs can be integrated into existing tester 
tools, such as Halliburton’s RDT, in the processing of logged 
data or other measurement data. The above methods can be 
very ef?cient When incorporated With logging tools, such as 
the MRIL family NMR tools. For example, if a minimum 
value of permeability is chosen then intervals can be 
selected immediately. Permeability upscaling can be deter 
mined in real time based on, for example, equations 1418 
and a permeability log can be maintained in the LWD 
operation. FIG. 5 shoWs a permeability curve obtained in a 
MRIL log. A moving average can also be used to smooth the 
MRIL curve as shoWn in FIG. 6. The moving average is less 
sensitive to layering effects on vertical permeability due to 
the loW permeability values betWeen the beds. FIG. 7 shoWs 
a permeability anisotropy curve, illustrating the ratios of 
vertical permeability or horizontal permeability in each ?oW 
interval. Finally, FIG. 8 shoWs a track of measurements 
obtained from MRIL logs and core or pressure tests obtained 
using Halliburton’s RDT, as Well as permeability deter 
mined from the measurements. 

While the above invention has been described With ref 
erence to certain preferred embodiments, the scope of the 
present invention is not limited to these embodiments. One 
skilled in the art may ?nd variations of these embodiments 
Which, nevertheless, fall Within the spirit of the present 
invention, Whose scope is de?ned by the claims set forth 
beloW. For additional information the interested reader is 
directed to the disclosure in the attached appendices, includ 
ing SPE Paper Nos. 77345 and 77715 (both 2002) and a 
paper on thinly laminated reservoir evaluation, presented at 
the 43 annual SPWLA Symposium, 2002, Which are incor 
porated herein by reference for additional background. 

What is claimed is: 
1. A method for investigating a geologic formation, com 

prising the steps of: 
measuring a property of the formation in one or more 

directions along a path in the formation; 
associating directional property value(s) With a plurality 

of spatial units along the path in the formation based on 
the property measurements; and 

providing a directional property log for the path in the 
formation, the log being upscaled from the directional 
property values associated With the plurality of spatial 
units. 

2. The method of claim 1, Wherein the step of measuring 
comprises obtaining at least one NMR log along the path in 
the formation. 

3. The method of claim 1, Wherein the property of the 
formation being measured is one or more of: permeability, 
resistivity, porosity, diffusivity, or viscosity. 

4. The method of claim 1, Wherein upscaling the obtained 
directional property values comprises averaging property 
measurements over at least one of the plurality of spatial 
units along the path in the formation. 

5. The method of claim 4, Wherein the property of the 
formation being measured is permeability, and equivalent 
horizontal permeability for a segment of the provided direc 
tional property log is computed using as the expression: 

1 n 
k = _ Ah-k - he t ht 








